It has been well established that GS' exists in two isoforms in the leaf cells of higher plants. One isoform, GS,, is localized in the cytosol; the other, GS2, is localized in the chloroplast (10, 11, 18, 20) . These two isoforms can be separated by ion exchange chromatography and are distinguished by several kinetic and physical properties (3, 14, 20) . The majority of plants that have been studied contain both forms of the enzyme but achlorophyllous plant parasites have been shown to contain only GS,, and a number of other plants including spinach and asparagus contain only GS2 (8, 20) . The single form of spinach GS has been previously purified and shown by immunofluorescence to be specifically associated with the chloroplasts (12) . The published purification procedure contains, as the final step, preparative PAGE. In this report, I describe a new procedure for the purification of GS which improves yield considerably.
There have been several detailed studies of GS from leaftissue (10, 11, 24) . This work has included a report which indicates that while GS2 from tobacco leaves contains a single subunit detectable on SDS-PAGE, isoelectrofocusing of this isoform results in four distinct bands (13) . In a second report, twodimensional gel electrophoresis of GS2 from Phaseolus vulgaris resulted in three spots (15) . Recent work also includes kinetic studies with inhibitors of GS such as MSO (1, 17, 28) and phosphinothricin (8, 17, 29) . There has been, however, no physical or kinetic characterization of the enzyme isolated from min. The brei was filtered through Miracloth and centrifuged at 27,000g for 10 min. The filtered extract was loaded onto a column of DEAE-cellulose (2.5 x 17 cm) previously equilibrated with extraction buffer. A linear gradient of 0 to 350 mm NaCl dissolved in extraction buffer was used to elute the proteins. Fractions of 10 ml were collected and those containing GS activity were pooled; GS was eluted at a NaCl concentration of 250 mm. Hydroxyapatite (30 ml of a 1:1 slurry) in extraction buffer containing 300 mM NaCl was added to the pooled enzyme and the resulting mixture was stirred for 5 to 10 min. The enzyme was adsorbed to the hydroxyapatite in the presence of NaCI; the slurry was then put into a 100 ml Amicon stirred cell fitted with a glass fiber filter (Whatman GF/A). Wash solutions of 20 ml 300 mm NaCl in extraction buffer and 50 ml 50 mM sodium arsenate in extraction buffer were applied. GS was then eluted with 50 ml 250 mm Na arsenate in extraction buffer.
Fractions containing GS were pooled and applied to a phenyl sepharose column (1.5 x 12 cm) previously equilibrated with extraction buffer containing 250 mm sodium arsenate. GS was eluted with 75 ml extraction buffer containing no arsenate. Fractions containing GS activity were pooled and dialyzed overnight against 500 ml buffer B (1:2 extraction bufferwater, pH 7.4). The dialyzed sample was loaded onto a reactive-blue-A column (1.5 x 10 cm) equilibrated with buffer B. Sample was washed through this column directly onto a reactive-red-A column (2.5 x 80 cm) equilibrated in the same buffer (GS does not stick to reactive-blue-A but several contaminants do). The reactive-blue-A column was removed and a gradient of 0 to 250 mM Enzyme sufficient to produce a change of absorbance of 0.2 A min-' ml-' (in absence ofinhibitor) was used. The range oflevels of inhibitor to enzyme active sites was 1,000 to 10,000:1 for MSO and 100 to 300:1 for phosphinothricin.
Amino Acid Analysis. Pure GS was hydrolyzed in 6 N HG for 19 h at 100C. N-heptafluorobutyryl isobutyl derivatives (N-HFBI) of amino acid were prepared and analyzed according to the procedure of Rhodes et al. (26) . Cysteine residues were determined by titration with 5-5'-dithiobis-(2-nitrobenzoic acid) (Fig. lA) . The high degree of purity of this prepara,tion is also indicated by the single spot which is visible on a two-dimensional gel (Fig. 1B) . The single spot on twodimensional gels indicates that GS2 from spinach leaves contains monomers of a single subunit type which are identical both in mol wt and isoelectric point. This result is different from those reported for GS2 from tobacco and from Phaseolus vulgaris (13, 15) which indicate four and three isoelectrically distinct subunits, respectively. The isoelectric point of spinach GS2 was measured at 6.5. (21) , for GS, and GS2 isolated from Chlorella (3), and for GS2 from tobacco leaves (22) . A comparison of these proteins using the parameter SAQ is presented in Table III . Escherichia coli GS, RUBPCase from spinach leaves (both subunits), concanavilin A (from jack beans), lactoglobulin (from bovine milk), and lysozyme (from chicken egg white) (25) have been included in order to compare this parameter for both related and unrelated proteins. SAQ is a measure of the relatedness of proteins. It is calculated using the formula: SAQ = (Xj -Xkj where i and k represent the proteins being compared and Xi is the mol % of amino acid j (19) . The GS isoforms from plants are much more similar to each other than any of them are to E. coli GS. The isoforms from Chlorella (both GS, and GS2) have a very high degree of homology with soybean root nodule GS which, it has been suggested, may be identical with GS, from leaves (5). The SAQ values calculated to compare the Chlorella enzyme with that of soybean root nodules are higher than those reported by Beudeker and Tabita (3) . This may be because those authors did not include the data for cysteine and tryptophan in their calculation. One very interesting outcome of this compari- son of proteins is the apparent homology between isoforms of GS and RUBPCase. This high degree of similarity between the amino acid composition of GS and that of RUBPCase probably explains the difficulty in separating these two proteins during purification. Of the various isoforms of GS included in the comparison, our spinach GS2 is most closely related to tobacco GS2 and soybean root nodule GS.
Tobacco GS2 has been reported to be a glycoprotein (22) . In the absence of Mg2e and reducing agents, the enzyme loses 100% of its activity during this time. The stability of GS in the presence and absence of stabilizing ligands was also determined at both 30°C and 45°C (Fig. 2) for a period of lh. These ligands completely protect enzyme activity at 300C for this period of time and make some difference at 45°C. In the synthetase assay, in the presence of Mg2+, GS2 has a pH optimum of 7.3 whereas in the transferase assay, in the presence of Mn2+, the pH optimum is 6.4 (Table IV) .
Kinetic Constants for Substrates and Inhibitors. Km values of L-glutamate, L-glutamine, and ATP were determined by Lineweaver-Burk plots and are presented in Table IV . The Km for glutamate is considerably lower than that reported for GS2 from rice but comparable to values reported for GS2 from other plants (8, 10) .
Ki values for MSO and phosphinothricin were determined by Dixon plots (Fig. 3) . Both of these inhibitors were shown to be competitive inhibitors both with glutamate and with glutamine.
Both require either Mg2' and ATP (synthetase assay) or Mn2+ and ADP (transferase assay) for binding. The K1 value for MSO agrees very closely with that reported for GS purified from pea leaf (1, 17) . On the other hand the K1 for MSO reported for E. coli GS is lower than those reported for plant enzymes (28) . The effect of phosphinothricin on plant GS has been reported for asparagus cell and for partially purified enzyme from asparagus (8) , pea leaf (17) , and mustard root (29) . The Ki value obtained for L-phosphinothricin with spinach GS was similar to those reported for all of the above plants except pea leaf. It was also similar to the Ki reported for E. coli GS. This is the first report on the effect of phosphinothricin on an isoform of plant GS purified to homogeneity. The structure of MSO and phosphinothricin are analogous and these compounds are both believed to act by mimicking an enzyme-bound tetrahedral transition state (28) . It is interesting, therefore, that while the Ki for phosphinothricin is similar for GS isolated from plants and from E. coli, the K1 of E. coli GS for MSO is very much lower than that reported for any plant GS. Wedler and Horn (28) have suggested that the difference in Ki for MSO between E. coli GS and the plant enzymes is due to the fact that the plant enzyme binds the tetrahedral intermediate mimicked by MSO much less tightly than does the E. coli enzyme. If this is true for MSO then it should also be true for phosphinothricin. Clearly the work on the kinetics of inhibition of these two compounds must be reexamined.
